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(54) Title: THE RECOVERY OF A VALUABLE SPECIES FROM AN ORE 
(57) Abstract 

A process for recovery of a valuable species in an ore that contains constituents of absorbed microwave energy is disclosed. 
In particular, a process for recovery of gold values from a gold bearing ore is disclosed. The process comprises: (a) crushing the 
gold bearing ore so that up to 95 % of the ore passes a 2 mm screen; (b) exposing the crushed ore to pulses of microwave energy 
of 1 to 30 seconds duration with intervals of 10 seconds to 2 minutes between the pulses for a total treatment period of up to 1 
hour to condition the crushed ore; (c) wet grinding the conditioned crushed ore to a size of -76 um; and (d) leaching the gold va- 
lues from the crushed, conditioned, ground ore. 



\ 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify Stales party to the PCT on the front pages of pamphlets publishing international 
applications under the PCI". 



AT Austria 

AU Australia 

BB Bartxulu* 

BE Belgium 

BP Burkina Foao 

BC Bulgaria 

BJ Benin 

BR Bra/ll 

CA Canada 

CP Central African Republic 

CG Congo 

CH Switzerland 

CI Cole tlWuc 

CM Cufltcruon 

CS ( Vcl Umlov al/ia 

DE Germany 

OK DcnnurL 



ES 
Ft 
FR 
CA 
GB 
CN 
GR 
MU 
IT 
JP 
KP 

KR 
LI 
LK 
UI 
MC 



.Spain 
(•inland 
I-rancc 
Gabon 

United Kingdom 

Guinea 

Greece 

Hungary 

Italy 



Democratic People's Republic 
of Korea 

Republic of Korea 
Liechtenstein 
Sri I jnLa 
I uicmbubrg 
Monaco 



MC 

MI. 

MN 

MR 

MW 

NL 

NO 

PL 

RO 

RU 

SD 

SE 

SN 

su 

TD 
TC 
US 



Madagascar 
Mali 

Mongolia 

Mauritania 

Malawi 

Nether lands 

Norway 

Poland 



Russian Federation 

Sudan 

Sweden 

Senegal 

Soviet Union 

Chad 

Togo 

United States of America 



WO 92/18249 



PCT/AU92/00162 



- 1 - 

THE RECOVERY OF A VALUABLE SPECIES FROM AN ORE 

The present invention relates to the recovery of a 
valuable species from an ore that contains constituents 
that absorb microwave energy. 

In particular, the present invention relates to the 
5 recovery of gold from gold bearing ores. 

In gold bearing ores there are gold metal and 
compound particles embedded in host rock that may consist 
of a range of materials such as silica based material, 
clay or limestone. The gold in these ores is often 

10 associated with sulphides, most commonly pyrite and 
arsenopyrite . Gold recovery from such gold bearing 
sulphide ores is difficult because there is a high degree 
of dissemination of the gold content which makes it 
impossible to achieve an adequate liberation of the gold 

15 values by grinding alone. As a consequence, a relatively 
complicated process is required to recover the gold 
values. The process comprises treating the gold bearing 
sulphide ores by flotation techniques to produce a 
sulphide concentrate, roasting the sulphide concentrate, 

20 and finally leaching the gold values from the sulphide 
concentrate by cyanidation. 

An object of the present invention is to provide an 
improved process for gold recovery from gold bearing 
ores . 

25 According to the present invention there is provided 

a process for recovery of a valuable species from an ore 
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that contains constituents that absorb microwave energy, 
comprising the steps of: 

(a) exposing the ore to pulses of microwave energy 
of 1 to 30 seconds duration with intervals of 

5 10 seconds to 2 minutes between the pulses for 

a total treatment period of up to 1 hour to 
condition the ore? and 

(b) recovering the valuable species from the 
conditioned ore. 

10 Preferably, the pulses are of 2 to 20 seconds, more 

preferably 2 to 15 seconds, typically 2 to 10 seconds, 
duration. 

Preferably, the intervals between the pulses are 10 
to 90 seconds, more preferably 30 to 60 seconds. 

15 Preferably, the total treatment time is up to 40 

minutes, more preferably between 5 and 40 minutes, 
typically between 10 and 40 minutes. In a particularly 
preferred form of the process the total treatment time is 
between 20 and 40 minutes. 

20 Preferably, the process comprises a step -of crushing 

the ore prior to exposing the ore to pulses of microwave 
energy. In a particularly preferred form of the process 
the ore is crushed so that up to 95% of the ore passes a 
2 mm screen. 

25 Preferably, the valuable species is gold and the 

step of recovering the gold from the conditioned gold 
bearing ore comprises leaching the conditioned ore by 
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f cyanidation . 

Preferably, the process comprises a step of wet 
grinding the conditioned gold bearing ore prior to 
leaching the gold values from the conditioned ore. 

5 Preferably, the valuable species are lead and zinc. 

The present invention is described further by way of 
example with reference to the accompanying drawings in 
which: 

Figure 1 is a diagram of an apparatus used to carry 
10 out experimental work to evaluate the process of the 
present invention; 

Figure 2 is a plot of experimental results which 
illustrate the relationship between gold recovery and 
microwave energy exposure time for ore samples treated in 
15 accordance with the process of the present invention; and 

Figure 3 is a further plot of experimental results 
which illustrate the relationship between gold recovery 
and microwave energy exposure time for ore samples 
treated in accordance with the process of the present 
20 invention. 

The present invention is based on the finding that 
recovery of valuable species, such as gold, lead and 
zinc, that are difficult to separate from an ore can be 
improved by exposing the ore to pulsed microwave energy 
25 to cause mechanical breakdown of the ore. 

In particular, the present invention is based on the 
finding that gold values can be recovered from a gold 
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bearing ore in a process which does not require flotation 
and roasting steps but which includes the steps of, 
exposing the ore, preferably after crushing the ore, to 
pulses of microwave energy of 1 to 30 seconds duration 
5 with intervals of 10 seconds to 2 minutes between pulses 

for a total treatment time of up to 1 hour to condition 
the ore, and subsequently leaching the gold values from 
the conditioned ore, preferably after wet grinding the 
conditioned ore to a size of -76 ym. 

10 The present invention is described hereinafter with 

references to the following Examples. 

EXAMPLE 1 



A series of experiments was carried out on a first 
sample of lump "rock* gold bearing ore with exposed 
15 sulphide mineralization obtained from Ora Banda gold mine 
to illustrate the process of the present invention. 

The gold content of the ore was determined to be 
relatively low, 1.40 ± 0.38 mg kg and it was found 
from X-ray diffraction analysis that the ore had the 
20 constituents set out in Table 1 below. 



Constituent Proportion in ore 



Quartz Low (3-10%) 

Illite Present (10-40%) 

Chlorite Present (10-40%) 

25 'Feldspars Very low (0.3-3%) 
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Calcite 


Low (3-10%) 




Dolomite 


Very low (0. 


3-3%) 


Pyrite 


Very low (0. 


3-3%) 


Pyrrhotite 


Very low (0. 


3-3%) 


Ars enopyr i te 


Very low (0. 


3-3%) 



The ore was assessed for gold leachability by 
leaching 20 g samples of ore, crushed and subsequently 
wet ground to -76pm, in alkaline cyanide solution (0.005 
M NaCN (800 ml) pH 10.5 leaching solution, agitated at 22° 
10 C) for up to 24 hours. Leachate samples were removed at 
regular intervals for gold content analysis. The 
quantity of gold leached was 36.6 ± 4.9% of the gold 
present in the ore. This figure suggests a high (13%) 
variation in the leachability of the ore which is 
15 believed to be a result of heterogenity of the gold 
distribution in the ore. 



20 



A 12 kg sample of the ore was reduced to a size of 
-10 mm. This size approximates the size to which Ora 
Banda ore is crushed before it is introduced to a ball 
mill for wet grinding. A size analysis of the crushed 
ore is shown in Table 2 below. 



Size fraction 
(mm) 



% in size 
range 



Cum. % passing 
topsize 



25 



30 



-16+8 

-8+4 

-4+2 

-2+1 

-1+0.5 

-0.5+0.25 

-0.25+0.125 



11.81 
36.01 
15.83 
10.67 
6.35 
3.20 
1.87 



100.00 
88.19 
52.18 
36,35 
25.68 
19.33 
16.13 
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-0. 125+0. 063 2.26 14,26 

-0.063 12.00 12.00 



The crushed ore was treated in accordance with the 
process of the present invention , in a batch mode, in the 
5 experimental apparatus shown in figure 1. It is noted 

that the process of the present invention is not 
restricted to treatment of ore in a batch mode and 
extends to treatment in a continuous mode. 

With reference to Figure 1, the experimental 
10 apparatus comprises a microwave oven 1 and a glass 

reactor 3 designed to hold a 200 g sample of ore and 
arranged to rotate in the microwave oven 1 in the 
direction indicated by the arrow at a rate of 10 rpm. 
The apparatus further comprises an inlet 4 for injection 
15 of air or nitrogen into the glass reactor 3 and an outlet 
5 for discharging gases from the glass reactor 3. The 
apparatus further comprises a filter (glass fiber wool) 
to remove any solid materials entrained in the gases 
positioned in the outlet 5 and a sodium hydroxide trap 7 
20 to absorb any evolved acidic gases located downstream of 
the outlet 5. The apparatus further comprises a 
thermocouple 9 to monitor the temperature of the ore. 

The microwave oven 1 used was a Sharp R-2370 with 
two 650 W magnetrons that could be used singly or 
25 together. The microwave energy was generated at a 

frequency of 2.45 GHz. The microwave energy did not have 
a variable control of. the magnetrons and thus could only 
deliver microwave energy at 650 W or 1300 W. The 
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magnetrons were set to be active for a certain percentage 
of time every 30 seconds, ie, on a 20% setting the 
magnetron operated for 6 consecutive seconds every 30 
seconds. In other words, the magnetrons were set to 
5 deliver pulsed microwave energy. 

A series of samples of the crushed ore was exposed 
to pulsed microwave energy in the apparatus shown in 
Figure 1 over a range of microwave energy power and 
exposure settings. The microwave energy processed samples 

10 were assessed for gold leachability by wet grinding 20 g 
of each sample to -76 ym and leaching each 20 g ground 
sample in 800 ml of alkaline sodium cyanide solution for 
24 hours in accordance with the procedure described above 
for assessing the leachability of the unprocessed ore 

15 samples . 

The results of the gold leachability for unprocessed 
samples and for a series of microwave energy processed 
samples exposed for up to 40 minutes at a microwave 
energy power level of 650 Wat settings of 10%, 20% and 

20 40% are shown in Figure 2. It can be seen from the 
figure that after 10 minutes of processing the 
leachability of the gold decreased from that of 
unprocessed ore, but 25 minutes processing brought about 
an increased leachability in all cases. The reason for 

25 this is not known and the results, although consistent, 

are considered to be surprising. It is also evident from 
the decrease in leachability that occurred between 25 and 
40 minutes processing time for each of the samples shown 
in the figure that the ore can be over-processed. 

30 The results of the gold leachability for unprocessed 

samples and for a series of microwave energy processed 
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samples exposed for up to 40 minutes at microwave energy- 
power levels of 650 W and 1300 W at 20% and 10% settings, 
respectively, which produced the same total microwave 
energy exposure, are shown in figure 3. It can be seen 
5 from Figure 3 that the gold leachability achieved with 

the 10% 1300 W microwave energy samples was better than 
that achieved with the 20% 650 W microwave energy 
samples. In this regard, the maximum gold extraction for 
the 10% 1300 W microwave energy samples, which was 62% 
10 higher than that for unprocessed samples, was obtained 

after only 10 minutes exposure to microwave energy, after 
which the leachability of the ore decreased dramatically, 
whereas the maximum gold extraction for the 20% 650W 
microwave energy samples, which was 42% higher than that 
15 for unprocessed samples, required 25 minutes exposure to 
microwave energy. 

It was found from experimental work on the samples 
with the highest microwave energy processing (40% 650 W, 
40 minutes) that there was a strong reaction, resulting 

20 in a microwave energy induced plasma in the 26 th minute 

in one section of the ore. The plasma was only sustained 
while the magnetrons were operating and no reaction was 
observed in other parts of the ore. The plasma was 
considered to be due to the presence of a sulphur-based 

25 gas. The ore was examined after processing and all 

particles were found to be fused together. The section 
was examined by both reflected light microscopy and 
scanning electron microscopy. The fused area was found 
to be centred around an atypical concentration of 

30 relatively coarse pyrrhotite with minor associated 

chalocopyrite and ilmenite. The pyrrhotite had developed 
fine porosity and small prills of metallic iron (formed 
by localized reduction of the sulphide) were abundant in 
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some crystals. The K-feldspar, quartz, etc, in the rock 
matrix adjacent to the pyrite had been transformed into 
dark Fe-Ti-rich K-Al-silicate glass -with variable but 
minor amounts of calcium and magnesium. The formation of 
5 the K-Al-silicate indicated that the localized 

temperature of the area reached greater than 900°C but 
the presence of unaffected silica in the glass indicated 
the temperature did not rise above 1700 °C. From this it 
can be seen that the temperature retained by the pyrite 
10 was greater than that required for the process of the 

present invention. Moreover, the direct reduction of the 
pyrite to metallic iron is considered to be undesirable 
because the iron would be leached out with the gold 
during cyanidation. These results indicate that the 
15 microwave energy used in this instance was in excess of 
that required and this conclusion was substantiated by 
lowered gold extraction. 

The results of an X-ray diffraction analysis of the 
microwave energy processed samples indicated that there 
20 was no significant difference between the crushed ore 

samples before and after microwave energy processing in 
accordance with the present invention. 

Specifically, it was found from the X-ray 
diffraction analysis that the quartz, illite, chlorite, 

25 feldspars and calcite (non-conductive constituents) in 

the ore remained unaffected by microwave processing and 
that the dolomite, pyrite, pyrrhotite and arsenopyrite 
(conductive constituents) in the ore were all affected to 
a minor degree by the microwave energy processing and in 

30 some instances haematite and magnetite were formed. 

The results of a total gold and sulphur analysis of 
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all of the unprocessed samples and microwave energy- 
processed samples invention indicated that only limited 
oxidation of the sulphide minerals occurred. The gold 
content in individual samples had a standard deviation of 

5 27% and a total sulphur content also varied greatly 

between the samples. However, a plot of the gold versus 
sulphur content showed a positive correlation between the 
total gold and sulphur in each sample. If it can be 
assumed that the gold to sulphur ratio throughout the ore 

10 was reasonably constant, it follows from the positive 

correlation that the microwave energy treatment did not 
release the sulphur from the ore as would be expected if 
oxidation had occurred. As a consequence, it is 
postulated that the improvement in the gold recovery in 

15 the samples processed in accordance with the present 
invention was due to a large extent to mechanical 
mechanisms resulting from exposure to microwave energy. 
In this regard, it is thought that pulsed microwave 
energy results in differential thermal expansion in the 

20 crushed ore as a result of differential microwave energy 
absorption by constituents in the ore, the creation of 
high temperature internal gas phases in the crushed ore, 
and crystallographic transformation of constituents in 
the ore, and all of the foregoing factors induce stress 

25 and cracks that result ultimately in structural 
distortion and breakdown of the crushed ore. 

In summary, the experimental results indicated that 
exposure of Ora Banda ore to pulsed microwave energy in 
accordance with the present invention could result in an 
30 increase of up to 62% of the amount of gold recovered 

from the crushed ore compared with unprocessed ore. This 
result was achieved when the crushed ore was treated with 
1300 W microwave energy for 3 seconds every 30 
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seconds for 10 minutes. The examination of the crushed 
ore before and after microwave energy processing revealed 
little change in the composition and in particular there 
was a relatively small amount of oxidation. As a 
5 consequence, it is thought that the improvement in gold 

recovery of the crushed ore was not due to oxidation of 
sulphides to any significant extent and was due 
principally to mechanical mechanisms in the crushed ore 
due to exposure to pulsed microwave energy. 

10 It is noted that the low sulphide oxidation has 

important implications for reduced sulphur emissions in 
comparison to conventional roasting techniques. There 
would also seem to be some potential for reduced arsenic 
emission as a result of minimal oxidation of arsenopyrite 

15 during microwave energy processing in accordance with the 
present invention. 

EXAMPLE 2 

A series of experiments were carried out on a second 
sample of refractory gold ore from the Ora Banda gold 
20 mine. The second sample was from a different section of 
the ore body to that of Example 1. 

The ore was assessed for gold leachability by 
leaching 500 g samples of ore crushed and subsequently 
tfet ground to -76 pm in alkaline cyanide solution 
25 (0.02-0.01 M NaCn (500 ml) pH 10.5 leaching solution 

agitated by 22°C) for up to 24 hours. Leachate samples 
were removed at regular intervals for gold content 
analysis. The quantity of gold leached was 45% of the 
gold present in the ore. 
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A 100 g sample of the ore was crushed to a size of 
-10 mm and exposed to 500 W microwave energy for 1 minute 
in experimental apparatus shown of the type in Figure 1 
to study the effect of the timing of microwave exposure 

5 on gold recovery. In the context of the power level and 

the sample size, the period of 1 minute was considered to 
be "continuous" exposure and significantly longer than 
what would be the duration of a pulse in accordance with 
the present invention. It was found that the gold 

10 recovery of the sample, after wet grinding to -76 um and 
leaching in accordance with the procedure in the 
preceding paragraph, was reduced to 17% and this 
indicates that continuous exposure is detrimental to gold 
recovery. 

15 A number of samples of the ore were crushed to a 

size of -10 ram and exposed to 500 W pulsed microwave 
energy to investigate the limits of effectiveness of 
pulsed microwave energy. A series of experiments was 
carried out with pulses of 2 to 10 seconds duration and 

20 intervals of between 30 and 60 seconds between pulses and 
total treatment times up to 1 hour. The conditioned 
samples were wet ground to -76 ym and leached in 
accordance with the procedure described previously to 
determine the gold recovery. Generally, good gold 

25 recoveries were obtained with all combinations of these 
times tested. In particular, it was found that the best 
gold recovery was obtained after total treatment times in 
the range of 20 to 40 minutes. For example, when 300 g 
of crushed ore was treated with 500 W microwave energy 

30 for a sequence consisting of 6 seconds of irradiation 
followed by 30 seconds of no radiation repeated over a 
treatment time of 27 minutes the gold recovery was 63%. 
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A series of experiments was carried out to 
investigate whether the effectiveness of pulsed microwave 
energy in accordance with the present invention is 
dependent on the frequency of the microwave energy. The 

5 experiments were carried out at 915 MHz using a 30 kw 

magnetron and the results were compared with the results 
discussed in Example 1 which were obtained using 
magnetrons operating at 2.45 GHz. The experiments were 
carried out on 1.5 kg samples of ore crushed to a size of 

10 - 10 mm at power settings between 7.5 kw and 22.5 kw. 

The experiments were carried out with pulses of 2 to 10 
seconds duration and intervals of between 30 and 60 
seconds between pulses and total treatment times up to 1 
hour. The conditioned samples were wet ground to -76 \xm 

15 and leached in accordance with the procedure described 

previously to determine the gold recovery. It was found 
that the gold recovery was dependent on the power levels 
and the pulse duration and time intervals between pulses. 
Specifically/ it was found that the best results were 

20 obtained with total treatment times between 20 and 40 

minutes. For example, a sample irradiated with pulses of 
7.5 kw microwave energy of 10 seconds and 60 seconds 
intervals between pulses for a total treatment time of 
31.5 minutes resulted in a gold recovery of 55%. With 

25 good results obtained at both the 2.45 GHz and 915 MHz 
frequencies it is believed that the process of the 
present invention is not dependent on frequency of the 
microwave energy. 
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In summary, the experimental results further 
supported the importance of the use of pulsed rather than 
continuous microwave energy in the process of the present 
invention and established that good results could be 
5 obtained at microwave energy frequencies of 915 MHz and 
- 2.45 GHz. 

EXAMPLE 3 

A series of experiments was carried out on oxidized 
samples of a complex lead-zinc ore. From the results of 

10 the experiments it is clear that pulsed microwave energy 
in accordance with the process of the present invention 
acts on the ore by an essentially mechanical mechanism of 
inducing microcracking in and around the microwave 
absorbing constituents in the ore. The experiments 

15 comprised crushing the ore to a size of -8 mm f exposing 
200 g samples of the crushed ore to pulses of 650 W or 
1300 W microwave energy of 3 or 6 seconds with 30 seconds 
intervals between pulses , wet-grinding the crushed, 
conditioned ore to 80% passing 53 m, and separating 

20 lead-and zinc-bearing components from the crushed r 
conditioned ground ore. 

Many modifications may be made to the process of the 
present invention as described in the Examples without 
departing from the spirit and scope of the present 
25 invention . 
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CLAIMS: 

1. A process for recovery of a valuable species 
from an ore that contains constituents that absorb 
microwave energy, comprising the steps of: 

5 <a) exposing the ore to pulses of microwave energy 

of 1 to 30 seconds duration with intervals of 
10 seconds to 2 minutes between the pulses for 
a total treatment period of up to 1 hour to 
condition the ore; and 

10 (b) recovering the valuable species from the 

conditioned ore* 

2. The process defined in claim l f wherein the 
pulses are 2 to 20 seconds duration* 

3. The process defined in claim 2, wherein the 
15 pulses are 2 to 15 seconds duration. 

4. The process defined in claim 3, wherein the 
pulses are 2 to 10 seconds duration. 

5. The process defined in any one of the preceding 
claims, wherein the intervals between the pulses are 10 

20 to 90 seconds* 

6. The process defined in claim 5, wherein the 
intervals between the pulses are 30 to 60 seconds. 



25 



7. The process defined in any one of the preceding 
claims, wherein the total treatment time is up to 40 
minutes . 
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8. The process defined in claim 7 , wherein the 
treatment time is between 5 and 40 minutes. 

9. The process defined in claim 8, wherein the 
treatment time is between 10 and 40 minutes. 

5 10. The process defined in claim 9, wherein the 

treatment time is between 20 and 40 minutes. 

11. The process defined in any one of the preceding 
claims , comprising a step of crushing the ore prior to 
exposing the ore to pulses of microwave energy. 

IQ 12. The process defined in claim 11, comprising 

crushing the ore so that up to 95% of the ore passes a 2 
mm screen. 

13. The process defined in any one of the preceding 
claims, wherein the valuable species is gold. 

15 14. The process defined in claim 13, wherein the 

step of recovering the gold from the conditioned ore 
comprises leaching the conditioned ore by cyanidation. 

15. The process defined in claim 14 , comprising a 
step of wet grinding the conditioned ore prior to 

20 leaching the gold values from the conditioned ore. 

16. The process defined in claim 13, comprising wet 
grinding the conditioned ore to a size of -76 ym. 

17. The process defined in any one of claims 1 to 
13, wherein the valuable species are lead and zinc. 
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